PACS. 78.70Bj -Positron annihilation. PACS. 61.43Fs -Glasses. PACS. 33.20Fb -Raman and Rayleigh spectra (including optical scattering).
The structure and dynamics of glass-forming liquids can be discussed empirically in terms of two-state models [1] [2] [3] [4] , which assume that the molecules may form two types of domains at certain temperatures. In solid-like domains, thermal motion is relatively slow due to its cooperative nature involving many molecules; in liquid-like ones, the molecules tend to be separated and to move more individually and thus move more rapidly. The condition of equilibrium between the two states is expressed by their free-energy difference as ∆F = ∆h − T ∆s = 0, defining an equilibrium temperature T e = ∆h/∆s, which can be considered as the melting point of the solid-like domains.
This picture is limited by T 0 below which the glass-forming liquid behaves as a solid, and by T A > T 0 beyond which the viscosity of the glass-forming liquid follows the Arrhenius law and from the aspect of viscosity the glass can be treated as a normal liquid. The model results-for the fraction n liq of liquid-like molecules as a function of absolute temperature T -in [4] n liq = 1 + exp
c EDP Sciences
where H = h b z eff /k B , h b is the energy difference per closed bound, z eff is the effective coordination number of the first shell, and k B is Boltzmann's constant.
The two-state model was elaborated to studying the free volume in inorganic glasses [1] , allowing eq. (1) to be used for interpreting the Ps lifetime in molecular solids. Studies in phenyl ethers [5] and in ortho-terphenyl (OTP) [6] established correlation between o-Ps lifetime, viscosity and free volume. Free volumes deduced from o-Ps lifetimes are used in the interpretation of quasielastic Raman scattering in polymeric glasses and supercooled liquids [7] . In the above-cited works, however, the link of positron annihilation (PA) parameters to the microscopic structure of the medium was discussed only in very qualitative terms. The aim of the present work is to attempt to fill the gap in view of which BMMPC was studied by conventional PA technique. Free volumes derived from o-Ps lifetimes are compared with the intensity of the quasielastic contribution to depolarized Raman scattering.
BMMPC was synthesized according to a procedure published earlier [8] . Its characteristic temperatures are: T 0 ∼ 203, T g ∼ 261, T m (melting point) ∼ 346 and T A ∼ 355 K. The supercooled BMMPC melt forms a transparent glass; under certain conditions it becomes a white, polycrystalline solid. The regular glass was studied in the range 23-348 K in 10 K steps, the crystalline sample above 298 K.
PA experiments were carried out on a conventional lifetime spectrometer. Each spectrum consisted of > 5·10 6 counts and was evaluated under the assumption that the positron lifetime density function equals Σ
, where I i is the relative intensity of decay in channel i and τ i is the corresponding lifetime. Subscript i = 1 stands for short-lifetime Ps, i = 2 for free positron, and i = 3 for long-lifetime Ps decay.
Relative intensities I 1 and I 3 from the regular sample and the sum I P = I 1 + I 3 are plotted in fig. 1a , the ratio I 3 /I 1 in fig. 1b , lifetimes τ 1 , τ 2 and τ 3 in fig. 2 ; τ 3 data from the polycrystal are plotted in fig. 2 , all vs. T .
Depolarized low-frequency Raman spectra were measured by means of a Raman spectrometer with a double-grating monochromator. The incident light was supplied by a krypton-ion laser. Glan and Glan-Thompson prisms were used as polarizer and analyser.
In the depolarized Raman spectra recorded above T g a quasielastic component is observed below a frequency of about 17 cm −1 : it arises from the individual motion, and its intensity is proportional to the fraction of liquid-like molecules [7, 9] . The intensity of the quasielastic component was extracted from spectra recorded between 260 and 360 K and is plotted in arbitrary units in fig. 3 .
Below ∼ 90-100 K, the temperature we designate by T f , all relative intensities depend only very slightly on T (cf. fig. 1a ). By averaging them between 23 and 83 K, the mean I 3 /I 1 ratio equals 3.06 ± 0.36 (cf. fig. 1b ), supporting the conclusion that in this region component i = 1 corresponds to p-Ps and i = 3 to o-Ps annihilation.
For T f < T < T 0 all relative intensities increase with T such that the I 3 /I 1 ratio steadily decreases and I 3 can be well approximated by a quadratic expression of T :
No characteristic temperature can be observed in Ps lifetimes below T 0 : τ 1 fluctuates within ∼ 140 ± 15 ps, τ 3 has a smooth, also quadratic, temperature dependence:
Best-fit curves from eqs. (2) and (3) are, respectively, plotted with dotted lines in fig. 1a and fig. 2 . Below T 0 the system consists of solid-like domains only; the increase in τ 3 vs. T meets the expectation that the size of the cavities where o-Ps forms also increases. The consequence of the steady decrease of I 3 /I 1 for T > T f -along with constant τ 1 as well as with steadily increasing τ 3 and I P values-is that o-Ps is expected to annihilate (almost) as fast as p-Ps in an increasing fraction of the cavities.
A mechanism suitable for explaining this finding is borrowed from OTP, a compound which has a structure and exerts dynamic properties in many respects similar to BMMPC [8] . According to a systematic study of OTP, the onset of fast processes is at ∼ 80-100 and ∼ 190 K with relaxation times τ r ∼ 0.1 and ∼ 1 ps, respectively. They are related to dipole-induced molecular motions and their probability increases with T such that τ r remains essentially unchanged up to room temperatures [9, 10] . Similar phenomena were also observed in BMMPC [11] .
All kinds of motion of molecules forming the cavity wall can be considered as dynamic cavity volume fluctuations [12, 7] . Such fluctuations enhance the density of the electrons-including those that are in the appropriate spin state to cause singlet annihilation with the positron, reducing the lifetime of the o-Ps atoms to τ 1 + τ r . Because τ r ∼ 1 ps τ 1 , on a spectrometer with ∼ 270 ps time resolution the annihilation parameters of p-Ps cannot be distinguished from those of the prematurely annihilated o-Ps atoms and, consequently, I 3 /I 1 < 3 is observed.
The intensity I Q of the pick-off annihilation triggered by the fast molecular motions equals I 1 − I P /4 [12] . Since the probability of the triggering molecular processes increases with T [9, 10], the above-described mechanism takes place in an increasing fraction of the cavities resulting in a decrease of I 3 /I 1 and in an increase of I Q with temperature, as seen in fig. 1b .
Above T 0 there appear liquid-like domains, too, where the conditions for o-Ps annihilation are different from those in the solid-like surroundings. Let the relative intensity and the mean lifetime of o-Ps in solid-like domains be I 3,sol and τ 3,sol , in liquid-like domains I 3,liq and τ 3,liq , such that τ 3,sol = τ 3,liq . Provided that o-Ps is localized in the cavity, the component I 3 L 3 (t) of the lifetime density function splits into two exponentials [13] :
where V sol and V liq stand for the volumes of solid-and liquid-like phases, respectively, and V = V sol + V liq is the volume of the system. For I 3 a similar expression holds:
Because the volume requirement of molecules in solid and liquid states differs only very slightly (by < 1 − 2%), the volume fractions can be approximated as V sol /V ∼ n sol and V liq /V ∼ n liq . By combining eqs. (4) and (5), the mean lifetime of o-Ps is given by
where I 3 and τ 3 are primary experimental data. In practice eqs. (2) and (3) are applicable almost up to T g (see fig. 1a and fig. 2 ) in the regular sample, because n sol ∼ 1 in this region. Furthermore, the continuation of the curve defined by eq. (3) excellently matches the o-Ps lifetimes measured at room temperatures in the crystalline sample, see fig. 2 . Because the crystalline sample is a solid, we assume that the values of the o-Ps annihilation parameters for solid-like domains can be calculated by extending the validity of eqs. (2) and (3) to any temperature, i.e. in eq. (6) I 3,sol ∼ I 30 and τ 3,sol ∼ τ 30 are considered.
The last quantity which should be modelled is τ 3,liq . In ordinary liquids o-Ps lifetime is predicted by the bubble-model: τ 3,liq ∼ aγ −b , where γ is the surface tension of the liquid, a ∼ 16.5 and b ∼ 0.5 are empirical constants if τ 3,liq is understood in ns and γ in dyn/cm units [14] . At ∼ 350 K for liquid BMMPC γ = (23.5 ± 2) dyn/cm, leading to τ 3 ∼ 3.45 ns, in good agreement with 3.2 ns, the value measured at 347 K. In the bubble-model the o-Ps lifetime depends on the squared free volume:
2 , where K f is an empirical constant and β is the linear thermal expansion coefficient of the free volume [15] . After substituting this formula into eq. (6), the fitting of the latter to raw τ 3 data leads to H = (7102 ± 494) K, T e = (297.2 ± 1.0) K, and K f = (2.3 ± 0.2) ns. In the fitting β was fixed at 5.47 · 10 −4 K −1 , a value obtained from the temperature dependence of BMMPC density. The best-fit curve to τ 3 data, plotted in fig. 2 , shows good agreement between experiment and model-especially if it is considered that the wide range of T consists of all characteristic temperatures except T A .
Finally, cavity radius R c is calculated from o-Ps lifetimes. For practical purposes τ 3 is approximated by eq. (7), tested both in solid and liquid phases [16] : where ∆R = 0.167 is the thickness of a hypothetical electron layer covering the cavity wall; τ 3 is measured in ns, R c and ∆R in nm units. Cavity volumes V c,sol in solid-and V c,liq in liquid-like domains are calculated by, respectively, substituting τ 3,sol and τ 3,liq into eq. (7); the mean cavity volume V c equals n sol V c,sol +n liq V c,liq . All cavity volumes and the graph of n liq are plotted in fig. 3a , error bars of V c arise from those of τ 3 data.
The relative frequency I P of Ps formation is proportional to n c /V , the number of cavities per unit volume; the free volume V f is related to I P and V c data as
and the results are plotted with error bars in fig. 3b . Analysis of dielectric relaxation data in terms of the two-state model resulted for T e in ∼ 327 [17] , mode-coupling analysis of the same data set in ∼ 320 K [18] . Fitting of straight lines to the Arrhenius plot of viscosity data leads to ∼ 328 K, and from DDLS intensities ( fig. 3b ) ∼ 325 K is obtained. Differential thermal analysis, upon heating, shows a wide exothermic peak between 313 and 333 K. These results suggest that the phase transition predicted by eq. (1) occurs between 320 and 330 K, also mirrored by the pronounced maximum of free positron lifetimes at ∼ 322 K, see fig. 2 . This temperature significantly exceeds the 297 K obtained from fitting the two-state model to o-Ps lifetimes. In low-density polyethylene free positron and o-Ps lifetime vs. T curves also indicate significantly different transition temperatures [19] such that the lifetime curves and the distribution of the characteristic temperatures resemble those found in BMMPC. For this reason we believe that the observed discrepancy is a result of unknown molecular motions released along with the phase transitions, rather than an artifact due to wrong measurement and/or sample treatment.
The main results obtained from conventional positron lifetime experiments in BMMPC, a newly synthesized organic glass-forming compound, can be summarized as follows. The variation of Ps annihilation parameters at low temperatures indicates the presence of a fast pick-off mechanism. Molecular motions, which can trigger such a mechanism, were systematically studied at the same temperatures in OTP [9, 10] and also observed in BMMPC [11] . The coherent interpretation of o-Ps lifetime at temperatures ranging from T 0 to T m provides new evidence for the usefulness of two-state models in the field of supercooled liquids. Variations of Ps parameters vs. T suggest that free volume and molecular motions should jointly be considered when interpreting Ps lifetime experiments in the condensed phase. ***
